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ABSTRACT

The quality of Czocnralski ruby was significantly improved during the report
period. The gain resulted from closer controls on growth parameters, ambient atmos-

phere, and melt temperature.

Crystals grown under preferred conditions are bubble-free and of high optical
quality, Optical paths through 6-mm-diamzter x 4-5 cm-long x . 03-, 04 wt percent
Cr,04, 60° orientation rubies are umform over the rod aperture to within a wavelength
{Cdl 6438A) or better. The passive beam divergence observed approaches the diffrac-
tion limit. 90° and 0° rubies grown on Verneuil seed rods are of lesser quality in that
order. A rough estimate based orn rocking-curve data indicates an 8-second upper
limit on mosaic structure in current ruby. The remaining optical inhomogeneity is

due principally to chromium variations and probably residual stress.
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CZOCHRALSKI RUBY

I.__ INTRODUCTION

The goal of Contract No. Nonr-4132(00) is ""to develop the technique of growing
sapphire uniformly doped with chromic oxide by the Czochralski method." Recognizing
that this research program is geared to the stringent performance objectives of the
ARPA/ONR Laser Program, it is clear that diffraction-limited laser material quality

is desired.

The research effort has shown steady progress toward the above goal. The
quality of ruby has been significantly improved over that described in the Annual
Summary Report covering the first period of this contract ending April 30, 1964. b
It is considered to exceed that available from any other source and to be intrinsically
good enough to satisfy immediate ARPA/ONR needs. Yet there is further improve-
ment to be obtained and this is considered to be feasible within the confines of the

Czochraiski growth approach.

The improvement in ruby quality is documented in Section II where comparison
is made against Verneuil ruby and against diffraction-limit criteria discussed below,
Also included in Section II are results on specific defects contributing to the residual

optical inhomogeneity. In Section III the follow-on approach is described.

Several quality objectives can be set down a priori in a quantitative way in ‘his
program. This is done here to provide a basis for measuring the quality of current
Czochralski ruby against the diffraction-1limit goal. That goal focuses attention not
only on the uniformity of chromium doping but also on whether there are local varia-
tions in crystallographic orientation and residual stress within the ruby crystal and
also on whether there are other defects that can act as light-scattering centers, such
as gas bubbles or solid inclusions. In a practical sense "diffraction-limited” does
not mean absolute uniformity with regard to chromium doping, orientation and stress

level, nor absolute freedom from bubbles or inclusions. But it is certain that

h "Czochralski Ruby" Union Carbide Corporation, Linde Division Speedway iabo-

ratories, July 8, 1964.
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tolerances on thes? parameters are very stringent. At least with regard to doping,
orientation, and stress uniformity, specific tolerances can be derived from the
practical criterion that differences in optical paths parallel to the axis of the ruby rod
should not exceed one-quarter wavelength. This criterion is the "Rayleigh limit"
carrving the connotation that the maximum brightness (in Airy's disk) in the Fraunhofer
diffraction pattern of a light beam traversing the ruby rod would be only about 20 per-

2
cent less than that if the ruby were perfect. 2)

The Rayleigh criterion is significantly less stringent than one assumed earlier
in this program to calculate defect tolerances. 2 The latter v/ere recalculated based
0i. the j;}* limit. The new tolerance (center-to-edge variation) estimates, length-
dependent but diameter-independent as implied by the Rayleigh criterion. are plotted
versus rod length in Figure 1 for several factors affecting the refractive index of
ruby. 3) (The stress dependence of the refractive index is rather uncertain, so that the
siress tolerance does not warrant close scrutinv.) For 8-inch- (20-cm) long rods

desired in the present phase of the ARPA/ONR Laser Program, the tolerance estimates

for diffraction-limited quality are as iisted in Table I.

TABLE 1. Diffraction-Limit {Rayleigh's) Tolerance
Estimates for 8-Inch-Long Ruby Rods

Cr concentration - 0.0003 wt % Cr,0;
Orientation

0°, 90° rods 35 arc-ininutes

60° rods 0.4 arc-minutes

tesidual stress 9 psi

2) See "Applied Optics and Optical Design' by A E. Conrady (Dover Publications,

Inc., New York, 1960) Part Two, p. 626,

Based on refractive index dependencies summarized in Appendix I. Annual
Summary Report dated July 8, 1964 under Contract Nonr-4132(00).

3]
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I, RESULTS

A.  Growth Technique

The present apparatus represents a steady evolution from that used in
growing the ruby product described in the First Annual Summary Report issued under
this contract. Considerable effort was expended on modifying and improving the
growth station to enhance control over experimental parameters. Improved atmos-
phere and temperature control were realized. leading to the significantly improved

ruby described below.

The typical size of the bcules grown in this research program is in the
range 3/8-1/2 inch diameter x 2-3 inch lengtih. Although the apparatus capability
allows giowth of Iarger boules, the above boule size yields large enough finished,
cylindrical rods to identify the intrinsic capability of thé technique. Rods were fabri-
cated, generally without annealing, to dimensions typically 1/4 inch diameter x 1-1/
to 2 inch length. Perhaps a further quality improvement could be realized by cutting
samples of this size from a much larger boule. This has been avoided because it is,
at least superficially, incongruous with economic, large-scale production practice,

as is projecied if the ARPA/ONR program shows technical feasibility.

Most of the boules have been grown on 60° Verneuil seed rods. All of the
results below are for this orientation, except if noted otherwise. Only a few 90° and
0° crystals were grown. The $0° rods show some quality differences, generally below
that of the 60° rods. 0° crystals are typically poorer than either the 60° or 90°,
exhil ting gross misorientations apparently due to preferential propagation of defects
in the C-zxis direction. By contrast, 60° and 90° crystals even when viewad in the

C-direction are of high quality.



tests:

Ruby Quality

The description of ruby quality in this section is pased on the following

1) Twyman-Green interferometry in which tne spacing between inter-

ference fringes revresents an optical path difference of A/2. 6438A Cdl

radiation is used in this test.

2) High-angle-scattering-loss measurements in which a collimatea

beam of 7800A radiation, approximately 4 mm in diameter, passes down
the ruby rod axis and the light lost through the cylindrical surface (ground
finish) is measured via an integrating sphere. This component of the
scattered radiation, expressed as a percentage of the incident radiation
lost per unit length of crystal, is termed below the high-angle-scattering
coefficient, without pretense that it is a total coefficient. The measure-

ment scheme is shown in Figure 2,

3) Far-field photographs of 4 collimated beam (63284) after passing

through the ruby rod.

4) Far-field ene: 1y flux distribution measurements made with th»

apparatus sketched in Figure 3.

5) Measurement of chromium concentration variations in ruby windows

via spect:-al absorption. Measurements were made on 2. 5-mm-thick
windows with an effective beam size of about 100 microns maximum

dimunsion,

re

o} Schlieren examination for chrome bhanding

7) X-ray evaluation for subgrain structure

R) Visual irspection ur bubbles or other "point-type' scattering

defects under strong illumination and 15X magnification. Bnbbles of size

in the order of 1 micvon are detcetable by this method.

i
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Twyman-Green and {ar-field photographs, far-field flux distribution
meascments, chromium concentration determinations and Schlieren examinations
were all made in polarized light with the E-vector normal to the C- «ig of the ruby

specimen.

1. Optical Homogeneity

The evolution of ruby quality is illustrated by the Twyman-Green
interferograms, far-field (passive) photographs, and representative high-angle-
scattering -loss coefficients shown in Figure 4. (The date "May 1964" identifies the
beginning of the current contract period.) Included are three rods each of Verneuil
ruby, Czochralski ruby as grown prior to the current contract period and present
Czochralski ruby. The Verneuil rods exhibit variability beyond that found in the
current Czochralski rubies, and generally are opticaliy less uniform and accordingly
distort a light beam to a greater extent. The "old” Czochraiski product was charac-
terized by optical iahomogeneities that were nearly axially-symmetric, as is evident
in the central grrup of Twyman-Green interferograms. These were of significant
magnitude, and distorted a light beam to a great extent. Nonetheless, the symmetry
that prevailed indicated that a spectacular advance was available with finite effort.
This is confirmed by the examples of current Czochr.!ski rubies at the right of
Figure 4. Optical path-lengths in the 4-5 cm-long specimens are consistently uniform
to within a wavelength or better and the beam distortion effect is small enough so that
in two of the far-field photographs the diameter of the Airy disk is discernible. Two
of the current Czochralski specimens included in Figure 4 were cut from boules that
were totally free of visible defects, such as bubbles; the third contaiued five "micro-
bubbles.” This is in sharp contrast to the high density of bubbles (=10° per cm?®)
frequently evident in the Czochralski product before May 1964. Along with the above
improvements it is noted that high-angle scattering has been reduced to a value below
that of cither the Verneuil or carly Czochralski material. The central defect evident
in the Twyman-Green interferograms of "new" Czochralski ruby are believed to be
due to an observed increase in chromium concenfration at that point, as will be dis-

cussed in a following section.

)
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A quantitative appraisal of the flux distribution in the far-field pattern
is shown in Figure 5 for Czochralski and Verneuii rubies of current quality in relation
to the Fraunhofer limit. The 60° Czochralski rubies approach the theovetical limit quite
closely and consistently, departing significantly thercefrom only within Airy's disk
defined by the first inflection point on the theoretical curve. It is apnarent from this by
comparison with the far-field photographs of Figure 4 that the latter, by virtue of
limited latitude in film sensitivity, grossly chscure the quantitative characteristics of
the far-field flux distribution. Figure 5 also illustrates the degradation of
Czochralski ruby quality with crystal orientation in the order: 60°, 90°, 0°. Although
results for two annealed Czochralski crystals are shown in Figure 5, too little has been
dene to draw {irm conclusions on the effect of annealing. (Annealing is a potential
avenue for quality refinement that, considering the stringent requirement on residual
stress levels, can hardly be avoided in the ultimate approach to a diffraction-limited

crystal.

Two of the 60° Verneuil rods included in Figure 5 are significantly
inferior to the 60° Czochralski rods; the third Verneuil rod approaches the Czochralski
rods. This variability, cited previously. is a characteristic of the Verneuil process
that further distinguishes it from the Czochralski technique. The latter is subject to
closer control and once optimum growth conditions have been established it has been

shown to vield high quality consistently.

2, Chromium Variations

In Figure 6 chromium concentration profiles are plotted for five
Czochralski ruby windows cut normal to the boule axis. Represented here are two
60° crystals (¢ and e) grown under coaditions that are optimum for that orientation,
a )° crystal (a) and a 90° crystal (d) grown under the same conditions, and a 60°
crystal grown under changed conditions. The following characteristics are note-

worthy:

i) The radial chromium variations are nearly symmetric about

the center, at least along the diameter that was traversed.
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ii) The magnitude of the variation lies in the range 0.001-0, 003 wt
percent Cry0;. The variation for “optimum' 60°rods is about 0.001 wt percent Cr,0;.
Assuming the variation in a rod is proportionzl to the average Cr concentration, a
variation of 0. 0602-0. 003 wt percent Cr,0; is expected at the concentration levels of
interest in the ARPA/ONR Program. Thus, to meet the 0. 0003 wt percent Cr,0,4
tolerance for diffraction-limited material, a tenfold improvement is needed and this

must be preserved over the larger radius rods of interest in the Program.

If the Cr variations shown in Figure 6 represented the only defect

and if these were uniform along the length of a 5-cm-long rod, Twyman-Green exam-

3 1 3
ination should reveal optical path differences of about % = —f’ (-2- -3
This agrees favorably with what is 7bserved. However more extensive measure-

fringes).

ments are needed (traversing different diameters for each of several windows cut
from the same rod, correlating variations spatially with the Twyman-Green interfer-
ogram of the parent rod) before other causes of inhomogeneity can be ignored. Con-

versely it is clear that Cr uniformity needs attention.

iif) A common feature of the curves of Figure 6 is the more or
less pronounced maximum in Cr concentration at the axis. 'This axially-localized Cr
gradient is the only likely cause of the central defect evident in Twyman-Green inter-
ferograms (Figure 4) and in Schlieren photographs as well. Such defect has not been
observed in limited growth trials of undoped sapphire, further supporting the
hypothesis that they are associat. 1 with a Cr gradient. This phenomenon is thought
to be related to a lo 11 change in effective segregation coefficient for Cr in the vicinity
of the sharp pointed tip of the growth interface, perhaps dependent on hydrodynamic
flow conditions past the interface and perhaps also on faceting that is observed at the
tip. Figure 7 is a photograph of the tip of a 60° boule illustrating faceted growth. In
almost all cases the facets appear to be the rhombohedral (r) planes cof the sapphire

lattice,

iv)  In another aspect of Figure 6 it is scen that the direction of the
radial gradient is not unique. There is an apparent effect of growth parameters

(curve b versus curves ¢ and e) that should be confirmed and delineated further.



FIGURE 7. THE TIP OF A 60° RUBY BOULE
SHOWING FACETED GROWTH
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Limited spectrophotometric determinations of the longitudinal Cr
gradients in current Czochralski ruby give valucs in the range 2-4 percent (of {ne
ambient concentration) per centimeter length. This agrees quite well with chemieal
analyses on sections taken from along a rod from -hich an overall gradient of
2.5 percent per centimeter was calculated. Since the crystal growth interface in this
work is conical, a correlation between the sense of the radial and longitudinal chro-
mium gradients should exist; in particular if the chromium concentration decreases
with distance from the seed end, then it should dcercase radially outward, In the
samples examined thus far, this correspondence did not always hold. This apparent

anomaly has not becn resolved.

Local variations in Cr concentration were evident in "old"
Czochralski rvby. These were pronounced enough to be easily discernible in shadow-
graphs as shown at the top of Figure 8. With this inspection technique current rubies
exhibit no banding. These became evident only in & Schlieren examination after con-
siderable effort at improving the apparatus. Schlieren photographs of 7. one-
centimeter cube sample cul from a 90° boule are shown at the bottom of Figure 8--one
taken looking along the growth axis 0001, displaying the central defect noted previ-
ously, and the others normal to the growth axis: {Dli()] and [ﬁiﬂ]. Striations
matching the known contour of the growth interface are seen in the latter. It is
assumed these represent Cr variations. A quantitative determination of the magnitude
of the variuations across the striae is not aveilable. In the spectrophotometric work to
measure longitudinal chromium gradients, fluctuations that imight correlate with the
above banding were not detectable, presumably because of limited sensitivity com-

pounded by the use of thick (5-mm) samples.

3. Structural Evaluation

A one-centimeter cube of Czochralski ruby cut from a 99° boule
(cited in the preceding paragraph) has been examined for the presence of low-angle

misorientations by Dr. R.D. Deslattes of the National Burcau of Standards using a



FIGURFE 8. ILLUSTRATIONS OF CHROMIUM BANDING.

Top: shadowgraph of ""old" Czochralski rubies.
Bottom: Schlieren photographs of a "new"
Czochralski ruby cube viewed from different
directions; growth direction {01]-.0].
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double-crystal X-ray spectrometer. &) Dr. Deslattes observed a composite rocking
curve at CuKXX of about 16 arc-seconds full-width at half-maximum with respect to a
first, or reference, crystal of dislocation-free silicon, The reflections operative
were the (333) from silicon and the (000-12) from the ruby second crystal. The
composite width included dispersive mismatch incurred by using different crystal comi-
positions. Making rough allowance for this, the estimated combined effect of a cold-
worked surface and subgrain boundaries was 8 arc-seconds. Even as an upper limit
or misorientaticn this value is well within the tolerance listed in Table I. (The above
cube, together witii a second Czochralski specimen for rocking-curve studies, has

been submitted to the Naval Research Laboratery for optical and structural evaluation,

in accord with contract commitments.)

Although 60° rods exhibit no misorientations by the Schulz-Wei
X-ray method practiced at the Speedway Laboratories {2 arc-minute detection limit),
double-crystal X-ray measurements have not been made on such rods. On the basis
of results cited in preceding sections it is to be expected that with 60° orientation,

also, misorientations have been reduced to inconsequential stutus,

0° rods have many misorientation boundaries detectable by the

Schulz-Wei technique.

4, Resgidual Stress

There are no quantitative data on the extent of residual stress in
Czochralski ruby, except for an upper limit that could be derived from Twyman-
Green interferograms considering stresses to be the only inhomogeneity present.
Qualitatively, it has been evident since the early phases of this program that the
stress level in as-grown Czochralski ruby is quite low, Qualitative results, how-
ever, do not suffice to rule out stress as a significant contributor to the remaining
opticai inhomogeneity in Czochralski ruby. In fact, limited sapphire growth experi

ments (that have not yet included optimum growth conditions) have not provided

4)

We gratefully acknowledge Dr. Deslattes' service and permission to cite this
result.
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material significantly vetter under Twyman-Green ¢ ‘amination than current ruby., This

suggests that th»  .re¢ s effect may well be comparable to the Cr-variaticn effect.

5.  Bubb. :

It has already been noted that erystals grown under th - optimum
growth conditions establiched in this program contain no or few visible bubbies,
whether of macro-~ or micro-size, or similar light-scattering defects. The cumulative
experience in this area convincingly demonstrates that control of such defects is a

matter of proper growth conditions.

An .dditional contribution to "point' defects has beer hypothesized
to come from voids. The ease with which ruby crystals form r-plane facets (Figure 7)
indicates that the ratio of growth rates along and normal to this plane is much greater
than unity. Therefore, if for some reason a surface defect occurred during growth,
an overgrowth of materia’ along the r-plane could produce an elongated void of consid-
erable length before growth normal to this direction could close the void. One elon-

gated defect measuring 14 x 1004 has been pnotographed.

1II. FOLLOW-ON PROGRAM

A. Growth Studies

This phase of the program will concentrate on delineating the effeci. of
system design, growth parameters and temperature control on ruby cuality. Methods
for controlling the growth interface shape will be explored, 23 iiiis parameter is con-
sidered to exert itself on crystal quality. Better temperature control is a continuing
nkjective to be pursued, not only through circuitry but also through system design;
this nroblem area will be studied {urther. Special en.phasis will be given to growing
undoped sapphire to eliminate chromium variations as a cause of optical inhoinogeneity

an'l thereby to expose the effect of residual stresses

B. Annealing Studies

New ~mphasis will be directed toward this arca. The cffect of annealing on
both optical and o. ystallographic properties will be explored using undoped sapphire as

the principai material for study  An optimum anncaling schedule will be sought.

17



C. Crystal Evaluation

Longitudinal vhromium gradients wili be determined using an improved
spectrophotometric technique. Electron microprobe measurements will be made to
verify that the growth striae represent chromium variations and to determine the
magnitude of concentration jumps. High-angle scattering and beam divergence meas-
urements will be made on a series of rubies to establish a practical tolerance on
bubble density. Fluorescence linewidths from current Czochralski rubies will be
measured; correlation of results with overall optical quality will be examined, Lasing

tests have been resumed with particular emphasis on mersuring rescnator losses,

1%
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0. Hs NESTOR = 1M . B4
 LINDE COMPANY w. =" ' 56
1500 POLCO STREET - o 55
INDIANAPOLIS 245 [NDIANA _ sa

 Jo M. NIELSORN ] ] 54
AIRTRON, A DIVISION OF LITTON [NDUSTRIES 54
200 EAST HANOVFR AVENUE 54

Re Co PASTCR
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MORRIS PLAINS, NEW JERSEY
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1 0178 DAVID STOCKMAN S B — R4

2 0178 ELECTRONICS LABORATORY B - - £e
3 0178 GENERAL ELECTRIC COMPANY 54
4 0178 SYRACUSEs NEW YORK R 54
1 0189 Jeo We TURNER - ,_=; o 54
2 0189 WFSTINGHOUSF FLECTRIC CORP. B - 54
3 0189 FLECTRONICS MIVISION o _ B
_ 4 0189  P. O, BOX 1897 e 54
5 0189 BALTIMORE 3, MARYLANL B 54
1 0207 Re ¥+ YOUNG B o S 54
.ﬂz* 0207 AMERICAN OPTICAL COMPANY c = . 54
30207 SOUTHBRIDGEs MASSACHUSETTS ‘ _ ) 54

2 0213 NEW MEXICO STATE UNIVERSITY 84
3 2213 URIVERSITY PARK, NEW MEX1CO 54




1 0214 PROFESSOR A. Ko KAMAL ) 56
2 0214  PURDUE UNIVERSITY o 54
3 0214 SCHOOL OF ELECTRICAL ENGINEFRING 54
4 0214  LAFAYETTE, INDIANA - - - 54
1 0215 MR, THOMAS C. MARSHALL KN
2 0215  COLUMBIA UNIVERSITY. . . 5.4
3 0215 DEPT. OF ELECTRICAL ENGINEERING o 54
4 0215  NEW YORK 27, NFW YORK. s
1 0216  MR. CHARLFS G NAIMAN 54
2 0216 MITHRASs INC. - 54
3 0216  CAMBRIDGE 39, MASSACHUSETTS 54
1 0217 DRs Jo He SCRULMAN B - 54
2 0217 SOLID STATE DIVISION B 54
3 0217 Us S. NAVAL RESEARCH LABORATORY ) 54
4 0217 WASHINGTON 25, D. Co - B 54
1 0218 DRe JACK A. SOULES gw*'%’g~-———_~—« - 54
2 0218 PHYSICS DEPARTMENT ﬁfﬁ’__i_____qq e 54
3 0218 NEW MEXICO STATE UNIVERSITY ¥ 20 - - 54
4 0218 UNIVERSITY PARK, NEW MEXICO. B 54
1 o210 DRy ARDEN SHER B 54
2 0715 VARIAN ASSOCTATFS 54
3 0219 611 HANSEN WAY Ra
4 0219 PALO ALTOs CALIFORNIA 54



1 0220
2 0220
3 0220
& 0270
5 0220
1 0221
2 0221
3 0221
4 0221
1 0222
2 0222
3 0022
4 0222
1 0223
2 0223
3 0223
4 0223
1 0225
2 0225
3 0225
4 0225

_ATTN DR, HANS Ko ZIEGLER

~ ASST DIRECTOR OF SURVETLLANCE

= . =0 o R e

PHYSICAL SCIENCES DIVISION

ARMY RESEARCH OFFICE

 OFFICEs CHIEF, RESEARCH & DEVELOPMENT

WASHINGTON 25, D. C.

ATTN DR, RORERT A, WATSON

CHIEF SCIFNTIST

Us S. ARMY ELECTRONICS COMMAND

FORT MONMOUTH, NEW JERSEY

— — —-——

DIRECTORs INSTITUTE FOR EXPLATORY RESEARCH

—_—

SUR —ae

— o D U —

_ARMY SIGNAL RESEARCHGEDEVELOPMENT LABORATCRY

FORT MONMOUTH, NEW JERSEY

ATTN DR. Eo M+ REILLEY

T

ARMY SIGNAL RESEARCHGDEVELOPMENT_E@BORATORY -

=

FORT MONMOUTHs NEW JERSEY

ATTN DR.ﬁHARR!SO& Js MERRILL

DIRECTOR OF RESFARCH & DEVELOPMENT
ARMY ORDNANCE MISSILE COMMAND
HUNTSVILLEs ALARAMA

ATTN MRe WILLIAM D. MCKNIGHT_
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1 0226

2 3226

3 022§ )
4 0226_

1 0227
2 0227
3 0227
4 0227
1 LQZZS

2 0228

3 0228
4 0228

1 0229

2 0229

WASHINGTON 25» D4 Co

WASHINGTON 25, De Co

OFFICEs CHIEF OF NAVAL OPERATIONS /OP-07T-1/
DEPARTMENT OF THE NAVY

ATTN MR, BEN ROSENBFRG

BQREAU»OF NAVAL WEAPONS {Sﬁf%/

DEPARTMENT OF THE NAVY

ATTN DRe. Ce Hs HARRY_

e R S

RUREAU OF SHIPS /CODE 305/

DEPAR?&E&{MquTngNAVY

WASHINGTON 25, De Co

ATTN DRs Ge Co SPONSLER

OFFICE OF NAVAL RESFARCH /CODE 402C/

DEPARTMENT OF THE NAVY

3 c229 WASHINGTON 25s De Ce B -
4 0229 ATTN DR. SIDNEY REED )
1 0230 OFFICE OF NAVAL RESEARCH /CODE 421/
2 0230 DEPARTMENT OF THE NAVY B B ]
. 3 0230 WASHINGTON 25, D. Co -
7 4 0230 ATTN MR. FRANK Be. ISAKSON -
1 9231 OFFICE OF NAVAL RESFARCH /CODE 406T/
= 2 0231 DEPARTMENT OF THE NAVY
3 023) WASHINGTON 255 D Co
) 4 G231 ATTN MR, Jo We SHITH -
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54 | 1 0232 ~ NAVAL RESEARCH LABORATORY /CODE 6440/ B 54
54 2 0232 DEPARTMENT OF THE NAVY - 54
54 3 0232  WASHINGTON 25, Ce Cu L _ 54
54 4 0232 ATTN DRe Cs Co KLICK. . 54
54 10233 NAVAL RCSEARCH LABORATORY /CODE 7360/ - 5
54 20233 DEPARTMENT OF THE NAVY | - 54
S 30233 WASHINGTON 25, D. C. s
5. 4 0233 ATTN DRe La F. DRUMMETER _ | ) 7  sa
54' 1 0234  HEADQUARTERS USAF /AFRDR=NU-3/ _ . 54
5, _ 2 0234 DEPARTMENT OF THE AIR FORCE Y
54 3 0234 WASHINGTON» Do Co ' s
m_54 _;__ﬁ__ozsa __ATTN LTCOL E. Ne MYERS ) 54
__54 1 ©235  RESEARCH & TECHNOLOGY DIVISION . 54
;4_____g__0235  BOLLING AFB - i - - 56
54 30235  WASHINGTON» Ds Co . o 54
54 ;"_5_ 0235  ATTN MR. ROBERT FEIK I .
54 ; 1 0236 OFFICEs AEROSPACE RESEARCH /MRGSF/ B 54
0 o 0236 WASHINGTON 255 Do Co S 54
54 3 0236 ATTN LT. COL. IVAN ATKINSON - 54
54 _ L e -
1 0238 TECHNICAL AREA MANAGER /760A/ | 54
~, 2 0238 ADVANCED WEAPONS AERONAUTICAL SYSTEMS DIV 54
&4 ; 3 G238 WRIGHT~PATTERSON AFD 54
sn 6 0238 OHI0 54
a4, 5 0238 ATTN MRe DON NEWMAN ng




T - 1 0239 PROJECT ENGINEER /5237/ ] 54
¥ 2 0239 AEROSPACE RADIATION WEAPONS 54
3 0239 AERONAUTICAL SYSTEMS DIVISION . 56
%_ 4 0239 WRI§HT-PATTE§SQN_§§§_ . 54
%1___ 5 0239  OHIO - 54
. 6 0239 ATTN MR. DON LEWIS | 54
I" 10240 AIR FORCE SPECIAL WEAPONS CENTER /SWRPA/ 54
2 0246 KIRTLAND AFR . 54
:i; 3 0240 NEW MEXICC - 54
= 4 ~'23.5.’451>Q o ATTN__C: >T_. MARVIN ATKINS EL
1 02w PROJECT ENGINEER /5561/ COMET 54
T 2 02641 ROME AIR DEVELOPMENT CENTER ) 54
::___TP;_“9241 GRIFFISS AFB 54
4 0241 - NEW YORK ) ol 54
5 0241  ATTN MR. PHILLIP SANDLER 54
1 0242  DEPARTMENT OF ELECTRICAL ENGINEERING 54
n 2 0242  NEW YORK UNIVERSITY - s
3 0242 UNIVERSITY HEIGHTS o B 54
4 ©242  NEW YORKs NEW YORK o - 54
5 0242 ATTN MR. THOMAS HENION ) 56
1 0243 BMOR 8 COPIES 54
2 0243 ROOM 2 B 263 - _ 54
3 0243 THE PENTAGON - B 54
4 0243 WASHINGTLN 25, Do‘C- - b4
5 0243 ATTN LT.COLs Wo Be LINDSAY ) .
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1 0284  MRe JOHN EMMETT 54
2 0284  PHYSICS DEPARTMENT 54
3 0284  STANFORD UNIVERSITY B 54
4 0284  PALO ALTO» CALIF. 54
1 0326 SECRETARY, SPECIAL GROUP ON OPTICAL MASERS 03 COPIES 54
2 0326  ODDRCE ADVISORY GROUP ON ELECTRON DEVICES 54
3 0326 346 BROADWAY - 8TH FLOOR 54
4 0326 . NEW YORK 13, NEW YORK | ) 54
1 0352  ASD /ASRCE=31/ ) o 54
2 0352  WRIGHT-PATTERSON AFB, OHIO B - 54
1 0354 DRe We HOLLOWAY o , 54
2 0354 SPERRY RAND RESEARCH CENTER 54
3 0354 SUDBURY»s MASSACHUSETTS 54




1 0372 TECHNICAL AREA MANAGER /760B/ -
2 0372 SURVEILLANCE ELECTRONIC SYSTEMS DIVISION .
3 0372 L. Ge HANSCOM AFB N B o

4 0372 MASSACHUSETTS -

5 0372 ATTN MAJOR H. I. JONLS» JR.

1 0388 COMMANDING CFFICER -

2 0388 U. S. NAVAL ORDNANCE LABORATORY o
3 0388  IORONAs CALIF, B o
1 2620  DIRECTOR B
2 0620 U. Se ARMY ENGINEERING RESEARCH -
3 0420 /ND DEVELOPMENT LABORATORIES N

4 G420 FORT BELVOIR, VIRGINIA -
5 0420 ATTN TECHNICAL DOCUMENTS CENTER o

_ 1 ©0%49  OFFICE OF THE DIRECTOR OF DEFENSE 02 COPIES
2 0449  DEFENSE RESEARCH AND ENGINEFRING o i

30449 INFORMATION OFFICE LIBRARY BRANC'.

4 0449 PENTAGON BUILDING - B -
5 D449 WASHINGTON 25s De Co - ) o

1 0471 U. S. ARMY RESEARCH OFFICE 02 COPIES

2 047l BOX CMs DUKE STATION S

3 oarl DURHAMy NORTH CAROLINA -

54
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54



DEFENSE DOCUMENTATION CENTER

CAMERON STATION BUILDING

ALEXANDRIA 149 VIRGINIA

Ue Se NAVAL RESEARCH LABCRATORY

TECHNICAL INFORMATION OFFICFR

DIRECTOR

CODE 20005 CODE 2021

WASHINGTON 255 Da Cao

COMMANDING OFFICER

OFFICE OF NAvV

1 Ca99

2 0495

30499

1 0527

2 0527

3 0527

4 0527

5 0527

1 0555

2 0355 ¢

50595

4 0555

1 0584
0584

3 0584

4 0584

1 0640

2 0640

3 0640

4 0640

1 0696

2 02696

CHICAGOs ILLINOIS 60604—

COMMANDING GFFICER

AL RESEARCH BRANCH COFFICE

209 S B koo

OFFICE OF NAYAL RESEARCH BRANCH OFFICE

NEW YORK 11: NEW YORK 10011

207 We 24TH ST.

COMMANDING OSFICER

OFFICE OF NAVAL RESFARCH BRANCH OFFICE

1000 GEARY STREET

SAN FRANCISCO, CALIFORNIA 94109

AlR FORCE OFFICE OF SCIFNTIFIC RESFARCH

WASHINGTON 25 De Co

[
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54
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,unmlllum-

1 0724 DJRECTOR I | 54

2 0724 NATIONAL BUREAU OF STANDARDS | 54

3 ot WASHINGTON 255 Ds Co 7 _ 54

1 0752  DIRECTOR - 54
2 0752 RESEARCH DEPARTMENT - 54

3 0752 Us. So NAVAL CRDNANCE LABORATORY 54

4 0752 WHITE OAKs SILVER SPRINGs MPa 54
1 0780 COMMANDING OFF ICER ) - 54

2 0780 OFFICE OF NAVAL RESEARCH BRANCH OFFICE 54
3 ©078C 1030 EAST GREEN STRFET 7 -
4 0780 PASADENAs CALIFORNIA 91101 | ) 54
1 0808  COMMANDING OFFICER 7 | S Ea

2 0808  CFFICE OF NAVAL RESEARCH BRANCH OFFICE | 54

3 0808 495 SUMMER STREET - | _ 54

4 0808 BOSTON &> MASS. Ox3/0 | . 54
1 0836  U. S. NAVAL RADIOLOGICAL DEFENSE LABORATORY 56

2 0836  /CODE 941/ S ) 54

3 0836 SAN FRANCISCOs CALIFORNIA 94135 o 54

1 0853 COMMANDING OFFICER - - | 5¢,

2 0853 Us S. ARMY MATERIALS RESEARCH AGENCY _ _ 54

3 0853 ATTN TECHNICAL LIBRARY 54

4 Ub53 WATERTOWN» MASSACHUSETTS 02172 54

L
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—————— - Ao —

.1 0875 _ BOULLER LABORATORIES _ 54
.2 0B75  NATIONAL BUREAU OF STANDARDS _ o o 54
.3 0875 ATTN LIBRARY ___5e_
4 0875  BOULDERs COLCRADO ) 54
1 0918  AIR FORCE WEAPONS LABORATORY o 54
P 2 0918  ATTN GUENTHER WLRPF o 54
3 0918  KIRTLAND AIR FORCE BRASE ) 54
40918 NEW MEXICO _ _ 54
1 0932  CHIEF, BUREAU OF NAVAL WEAPONS ) 54
2 0932 DEPARTMENT OF THE NAVY 54
ie-Q“.°93? WASHINGTON 25, Ds Co ) 56
__ 4 0932 ATTN Js M. LEE RMGA-81 i 54
1 0976 AIR FORCE CAMBRIDGE RESEARCH LABORATORIES 54
2 0976  ATTN CRXL-Rs RESEARCH LIBRARY 54
370976~ LAWRENCE G. HANSCOM FIELD 54
4 0976 BEDFORD» MASSACHUSETTS 54
1 0988  BATTELLE MEMORIAL INSTITUTE B s
2 0988 505 KING AVENUE - - A
© 30988 COLUMBUS 1s OHIO e 54
4 0988 ATTN BMI-DEFENDER 54
11030 HEADQUARTERS, USAELRDL - 54
2 1030 FORT MONMOUTH, NEW JERSEY 07703 564
3. 1030 ATTN SELRA/SARsNU-4s X» AND PF o4

T T AR T Mg 3 i T T

it



i‘ ] ] 1032  COMMANDER, U. Se NAVAL ORDNANCE TEST STATION- 54
) 2 1032 CHINA LAKE, CALIF - 54
r 3 1032 ATTN MR. Ge As WILKINS /CODE 4041/ 7 54
: 1 1036 J. C. ALMAST - B 54
I*“ 2 1036  GENERAL ELECTRIC COMPANY 7 - 54
3 1036 ADVANCED TECHNOLOGY LABORATORIES ) 54

i; 4 1036 SCHNECTADY»s Ne Yo B o 54
~ 1 1039 PROF. RUBIN BRAUNSTEIN L 4
i 2 1039 UNIVERSITY OF CALIFORNIA B 54
3 1039 DEPARTMENT OF PHYSICS 54

4 1039 LOS ANGELES 24, CAL. 54
-1 1040 N. I. ADAMS ) 7 54
1 2 1040 PERKIN-ELMER CORP. 54
~ 3 1040 NORWALKs CONNs B _ 54
1 1046 .. Pe REIDEL B . 56
2 1046 QUANTUM ELECTRONICS DEPT. 54

3 1046 WESTINGHOUSE ELECTRIC CORP. 54
B 4 1046 RFSEARCH LABORATVQ_RIFS_ o 54
| 5 1046 PITTSBURGHs PAs ( -
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1 1947
2 1547
21247
1 1248
Z 1048
3 10848
4 1048
1 12498
2 1249
3 1449
1 1080
2 1884
2 18%3
4 1050
1 1861
2 1e51
3 1G%1
1 1482
A RV
3 1452
4 1082

PROF. He Go HANSON

UNIVERSITY OF MINNESOTA

DULUTHs MINN

LEXINGTON LABORATOREQS: INCe
84 SHERMAN ST

CAMBRIDGEs MASS.

Le E4 RAUTIOLA

LINDE COMPANYs DIVISION OF UNION CARBIDF

EAST CHICAGOs IND.

Fe S. GALASSO

URITED AIRCRAFT CORP RESEARCH LABS.

400 MAIN ST.

EAST HARTFCORDs CONN.

Je We NIELSON

AIRTRONs DIVISION GF LITTON INDUSTRIES

MORRIS PLAINSs N, U,

Ee Ms FLANIGEN

LINDE COMPANY

DIVISION OF UNION CARBIDF

TONAWANDAY N. Y.

W

n

L
I~

W
-

(]

.




T —e o ==

1 1053 W. PRINDLE o 54
2 1053 AMERICAN OPTICAL COMPANY 54
3 1053 14 MECHANIC ST. o 54
4 1053 SOUTHBRIDGEs MASS, ) 54
8 e o Go TEVERLY 2% )
i 2 1054 PLASMA PHYSICS 3 . 54
: 3 1054 UNITED AIRCRAFT CORP, 54
4 1054 EAST HARTFORD Bs CONNe 54
1 1055 . PROF, N, BLOEMBERGEN 54
2 1085  HARVARD UNIVERSITY fy
3 1055 DIVISION OF FENGINEERING & APPLIED PHYSICS 54
4 1055  CAMBRIDGE 38, MASS, 54
1 1056 PROF. Re Jo COLLINS 54
2 1656 UNIVERSITY OF MINNESOTA 54
3 1056 DEPARTMENT OF ELECTRICAL ENGs B 54
4 1056 MINNEAPOLIS 14s MINN. L 84
11057 DR. ALAN KOLB ] 54
_2_1UST__ Us Se NAVAL RESEARCH LAB, B 54
3 1057 WASHINGTONs De Co 54
1 1058  PROFs Je« Me FELDMAN 54
2 1058 CARNEGIE INSTITUTE OF TECHNOLOGY 54
3 1088 DEPARTMENT OF ELECTRICAL ENGR. - 54
4 1.58 PITTSBURGH 13 PENNA. - 54
e e 4o e e e
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.} 1059 PROF, ARTHUR SCHAWLOW o 54
2 1059 STANFORD UNIVERSITY 7 o ) 54
— 3 1039 STANFORDs CALIFORNIA i = _ 54
.1 1065 RESEARCH MATERIALS INFORMATION CENTER - 54
2 1065 OAK RIOGE NATIONAL LABORATORY . se
3 1065 POST OFFICE BOX X T
o 1065 OAK RIDGE, TENN, 37831 o ) 54
1 1066 J=5 PLANS AND POLICY DIRECTORATE 54
2 1066 JOINT CHIEFS OF STAFF 7 | | o sa
3_ 1066 REQUIREMENTS AND DEVELOPMENT DIVISION | _— 54
41066 ATIN SPECIAL PROJECTS BRANCH . o se
5 1066 _ROOM 20982, THE PENTAGON 7 _ . sa
e 1066 WASHINGTON, Du Ces 20301 T
1 1067 ADVANCED RESEARCH PROJECTS AGENCY | B 54
2 1067 RESEARCH AND DEVELOPEMENT FIELD UNIT __ 54
31067 APO 143, BOX 41 , s | 54
4 1067 SAN FRANCISCOs CALIF. - o 54
L 1068 ADVANCED RESEARCH PROJECTS AGENCY 5e
2 1068 RESEARCH & DEVELOPMENT FIELD UNIT 54
31068 APO 146 BOX 271 | - 54
4 1068 SAN FRANCISCOs CALIFORNIA - | 54
5 1068 ATTN MR, TOM BRUNDAGE - 54
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Additions to List 54

Alr Foree Materials Laboratory

Alr Force Systems Command

Wright=Patterson Air Force Base, Ohio LSL33
Attn: MAAM (Lt, John H, Estesss

Dre C. H. Church
Westinghouse Electric Corporation
Regsearch Laboratories

Pittsburgh 35, Pennsylvania

P"‘oz. Donald Se McClure

Institute for the Study of Hetals
Up‘Ve"s..ty of Chicago
Chlcago 37, Illinois

Dre Danlel Grafstein
Gensral Preclsion, Inc,
Asrospace Group

Little Falls, New Jersey



MORE ADDITIONS TO LIST SL

Professor R. C. Ohlmann
Westinghouse Research Laboratories
Pittsburgh, Pennsylvania

Dro Res Co Linareﬁ
Perkin-Elmer Corporation
Solid State Materials Branch
Norwalk, Connecticut 06852

Dre Je Go Atwood
Perkin~-Elmer Corporation
Electro-Optical Division
Norwalk, Connecticut

Professor S. Claesson
Uppsala Universgity
Uppsala, Sweden
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FURTHER ADDITIONS TO LIST 54*

Robert L. Parker
Naticnal Bureau of Standards
Washington, D, C.

N.D. Schoenberger

Precision Instrument Company
3170 Porter Drive

Palo Alto, California

*Authorized by letter

ONR:421:CES:Im
NR 017-708
30 November 1964

ONR:421.FBI:1lsp
13 Nov 1964



